Kinetic isotope effects are one of the most powerful experimental techniques for establishing the nature of a chemical process. However their interpretation very often seeks support from electronic structure calculations in order to get detailed information regarding the transition state which is not experimentally available. For an example of atrazine hydrolysis we have shown how the match between experimentally and theoretically determined magnitudes of carbon, nitrogen and chlorine kinetic isotope effects can be used to discuss the mechanism under different reaction conditions. Two different density functionals combined with the explicit presence of solvent molecules and a continuum solvation model revealed that although the reaction proceeds via the same concerted mechanism regardless of the reaction conditions the transition state structure for an acid and base-catalyzed pathway is different.
Introduction
The elucidation of the detailed microscopic level mechanisms of chemical reactions is of fundamental importance in chemistry. Reaction dynamics studies provide this type of information as well as macroscopic kinetic data, i.e., thermal rate constants k(T). This information is available for reactants that differ only by their isotopic composition, providing in this manner a unique way of probing the nature of the chemical reactions' transition states. Hence, measurement of kinetic isotope effects (KIEs) is one of the most powerful experimental techniques for establishing the nature of a chemical process. However, very often in order to interpret them we seek support from theory. But since models we construct have certain and inevitable limitations it is advisable to test our selection of models, levels of theory and calculations against the available experimental data whenever possible. Unfortunately, there are no many systems described in literature for which we would have access to both experimental data on more than one element and its theoretical predictions. A few examples [2] [3] [4] cover a small number of important reactions studied with the use of multiple isotope effects as a mechanistic tool. Such comparison and detailed analysis can be of particular interest in the era of using isotopic fingerprints in the description of environmental transformations, 5 especially that concomitant analysis of more than one element is becoming more and more abundant in such studies these days. 6 Our previous, similar in its nature, study 4 aimed at detailed exploration of IEs accompanying standard S N 2 reaction between the cyanide anion and ethyl chloride using both experimental and theoretical approaches. The outcome from those studies clearly indicated the lack of the ability to reproduce all experimental KIEs determined in that work and called for further analysis. The followup study has been provided recently by Ruiz-Pernia and Williams 7 and pointed to one of possible reasons of previous failure. In this work we have made an attempt to test the performance of popular theoretical methods toward prediction of isotope effects for hydrolysis of atrazine (2-chloro-4-(N-ethylamino)-6-(N-isopropylamino)-1,3,5-s-triazine) -one of the s-triazine compounds, which were introduced into the environment more than half century ago as dyes, resins and herbicides. [8] [9] [10] Especially herbicides based on the s-triazine ring have been used worldwide by direct application either to soils or plants. Their widespread presence and environmental accumulation leading to certain dysfunctions in vertebrate species or toxic conditions to other species present in the shared contaminated area have resulted in many laboratory studies aiming at their degradation. 11 Atrazine degradation occurs via both chemical and biological processes, resulting in the formation of metabolites such as hydroxyatrazine, deethylatrazine and deisopropylatrazine. 12 Hydroxyatrazine is considered to degrade much faster than atrazine so conversion of atrazine to this product alone seems to be sufficient to consider the herbicide detoxified. 13 Uncatalyzed hydrolysis of atrazine has been postulated to occur via nucleophilic aromatic substitution reaction (Scheme 1). However the details of the mechanism have not been revealed to date. Although the first attempts toward their elucidation have been already undertaken using carbon and nitrogen isotopic analysis 14 they did not answer key questions on this biomolecular reaction such as whether it proceeds as a single step reaction in a S N 2-like manner or a stable intermediate so called a Meisenheimer complex is formed or whether any mechanistic scenario is influenced by reaction conditions. Despite providing useful information, the magnitudes of carbon and nitrogen kinetic isotope effects (KIEs) measured for the hydrolysis of atrazine did not allow for the satisfactory description of underlying mechanisms as by definition they were not able to capture directly the changes in the carbon-chlorine bond -one of the key interatomic distances in the studied reaction. Therefore, the further investigation of atrazine hydrolysis is crucial in order to propose the transition state structures of respective pathways. Such information at the molecular level is only accessible through electronic structure calculations. An insight provided this way may serve as a reference system for the enzymatic hydrolysis as based on the obtained data the understanding of catalytic potential of triazine chlorohydrolases will be possible. To this end we determined chlorine KIEs using hybrid fast atom bombardment -isotope ratio (FAB-IR) mass spectrometry and modeled the reaction using the density functional theory methods and computational techniques. Chlorine KIEs have already proved to be very useful in elucidating the reaction mechanism in which negatively charged chloride is the leaving group. 15 Although the magnitude of these effects is not large and therefore their range is not broad, the available precision with which these effects can be measured nowadays [16] [17] [18] for more and more different reactions confirms their usefulness in mechanistic studies of chemical and biochemical reactions. 16, 19, 20 Experimental methods
Materials and preparation of samples
Nitric acid (pure p.a.), silver nitrate (pure p.a.), ethanol (special pure), chloroform (pure p.a.), sodium dihydrogen phosphate monohydrate (pure p.a.), disodium hydrogen phosphate anhydrous from POCh Gliwice, mercuric(II) thiocyanate (pure p.a.), ion-exchange cation form DOWEX 50W X8 200-400 mesh from Fluka, ferric ammonium sulfate (L.P.P-H ''OCh'' Lublin. Poland), potassium hydroxide pellets GR for analysis (Merck), trisodium phosphate (pure p.a.), ammonia solution 25% (pure p.a.), n-hexane (pure p.a.) from Chempur, 1-hexanol (pure p.a., Sigma-Aldrich) were used without further purification. Atrazine (pure p.a., ZChO-Azot, Jaworzno, Poland) was purified by extracting into trichloromethane, washed four times with water, dried with magnesium sulfate, precipitated with n-hexane and dried in a desiccator. Due to very low solubility in water about 5 mg of atrazine was dissolved in 10 ml of 99.8% solution of ethanol and then this solution was used to prepare the final atrazine solution in 20 mM potassium phosphate buffer. The final concentration of atrazine was in the range of 110-121 mM. This difference resulted from different weights of atrazine used during preparation of its solution in ethanol. The solutions were prepared at pH 12.
Chlorine KIE measurements
In order to prepare samples for isotopic ratio determination 30 ml solutions at pH 12 were sealed in 10 ml glass ampoules and immersed in the water bath at 50 1C. The elevated temperature was used to decrease the reaction time.
14 At the same time the reactions were also conducted in 2 ml glass ampoules which were used for monitoring the reaction progress. 2 ml ampoules were withdrawn from baths at various intervals of time estimated based on the available experimental rate constants. 21 In order to determine the reaction progress removed ampoules were opened and the chloride ion concentration was measured using the colorimetric method in which the absorbance of the iron thiocyanate complex was measured. 22 This complex is formed as a result of the reaction between chloride ions and mercury thiocyanate. Since the molar amount of forming chloride ions is equal to the molar amount of degrading atrazine, the atrazine concentration was determined using the chloride ion concentration from the following equation:
where C Atr , C 0 , and C Cl denote the concentration of atrazine during the reaction, the initial concentration of atrazine and the chloride ions concentration, respectively. At the desired reaction progress (15-20% of conversion) the reaction was quenched by removing from the water bath and cooling down in a refrigerator. Then, the 10 ml ampoules were opened and all aliquots were mixed in one flask to obtain a sufficient amount of chlorine for further analysis.
In order to remove organic content, the resultant solution was extracted with 1-hexanol at pH around 12 which was obtained by adding 0.1 M KOH. The extraction was carried out four times. Next, the solution was concentrated using a vacuum dryer overnight. The concentrated solution (around 1.5 ml) was acidified to pH 1 with 65% HNO 3 and AgCl was precipitated with 200 mM AgNO 3 in the dark. After 12-24 hours the resultant precipitate was centrifuged (2000-3000 rpm) and washed twice with 1% HNO 3 . Then, AgCl was left to dry over NaOH in a desiccator in the dark.
The isotopic ratios were measured using CsCl solutions. For this purpose the AgCl precipitate was dissolved in 100 ml of 5% solution of NH 4 OH and the resultant solution was passed through a set of ion exchange columns. Each column was filled with DOWEX 50W X8 and then nitric acid (0.1 M) solution was passed through them. The first column with NH 4 + resin was washed with ammonia solution (5%). In this column silver cations were exchanged for ammonium cations. The second column filled with H + resin was washed with 0.1 M nitric acid.
The third column with Cs + resin was prepared by passing 0.1 M cesium nitrate solution. The final eluent was collected in a quartz crucible and subsequently evaporated to dryness in a vacuum dryer (50 1C, 130 mbar) overnight. The crystallized precipitate was dissolved in 40 ml of ultra pure water. Then, 1 ml of this solution was used to measure chloride ion concentration. The solution was transferred to an acid resistant steel plate and left to evaporate. Chlorine isotopic ratios, R, were measured using hybrid fast atom bombardment -isotope ratio (FAB-IR) mass spectrometer with a modified sample support that results in reduced sample requirement as described previously 23 and kinetic isotope effects calculated from the equation:
where f is the fraction of reaction, R f is the chlorine isotopic ratio of the product at the reaction progress f, and R N is the chlorine isotopic ratio of the product after full conversion. R N was determined using the CsCl sample obtained from hydrolysis of atrazine catalyzed by one of atrazine chlorohydrolases -TrzN. 10 ml of 14.48 mg ml À1 TrzN solution was added to 30 ml of atrazine solution at pH 7. The full conversion of atrazine to hydroxyatrazine was monitored using the colorimetric method described above by measuring changes in atrazine absorbance during reaction progress. UV-VIS spectrometer Lambda 40 Perkin Elmer was used for monitoring atrazine absorbance at 264 nm. 120 ml of HNO 3 (65%) was added in order to shut down the enzymatic reaction. After removing denatured protein from the reaction mixture the procedure leading to the CsCl sample preparation as described above was used. Each measurement was repeated 4 times.
Computational methods

Models
In order to consider different reaction conditions we constructed two models in which either the hydroxide anion (alkaline hydrolysis) or the water molecule (acidic hydrolysis) played a role of the attacking nucleophile. Additionally, in the case of the latter we also explored protonation of the triazine ring. To account for any specific solute-solvent interactions two explicit solvent molecules were added symmetrically to stabilize the base in nucleophilic substitution reactions modeled in this study. A similar approach that allows for improving the match with experiment on one hand and does not require a proper sampling of water molecule positions on the other has been previously successfully used for elimination reactions promoted by OH À as a base. 24, 25 For the sake of comparison we also constructed a model that mimicked hydrolysis at neutral pH (no ring activation, water molecule attack).
Methods
Free energy surfaces for the hydrolysis of atrazine were modeled using the MPW1K functional as the one shown to perform well for nonmetallic thermochemical data and thermochemistry, 26 and the BP86 functional which was used by some of us previously in our initial studies on atrazine hydrolysis. 27 They were combined with the split valence 6-31+G(d,p) basis set. 28 This basis set is meant whenever we mention the level of calculation in this work, unless stated otherwise. All calculations were performed using the Gaussian 09 package. 29 Tight convergence and optimization criteria were applied. For all geometry optimizations as well as single point energy calculations an ultrafine grid was used for the integration. Molecular geometries of all species were fully optimized and vibrational analyses were carried out to confirm the nature of the stationary points (3n À 6 real vibrations in the case of reactants and one imaginary frequency corresponding to the desired reaction coordinate in the case of transition states 35 We neglected scaling frequencies as well as calculating tunneling correction as we found previously for heavy atom isotope effects prediction that the latter effect and anharmonicity have a tendency to cancel each other out.
36
Results and discussion
Energetics of the atrazine hydrolysis
Experimentally determined values of activation energies for reaction under acidic and alkaline conditions are comparable. 21, 37 Sawunyama and Bailey in their computational studies on hydrolysis under acidic conditions have shown an important role of the solvation model. 38 However, the activation energy obtained theoretically was in poor agreement with the available experimental values.
We approached the free energy profiles for the hydrolysis of atrazine under different reaction conditions using two levels of calculations. In the case of alkaline hydrolysis both of them predicted one-step, S N 2-like pathway for the attack of the hydroxyl anion on the acidic form of atrazine. No minima corresponding to s-complexes were located on a 1-dimensional projection of the energy surfaces. This finding is consistent with other experimental studies indicating that anions reacting with heteroaromatics react via a single step nucleophilic aromatic substitution in aqueous solution. 39 Gibbs free energies of activation and reaction were calculated two-fold. First, we estimated their values for in vacuo models. Then, in order to calculate free energies in aqueous solution we included the SMD correction to the electronic energy of stationary points. Finally, since we wanted to refer our findings to the existing experimental data we used the experimental value for free energy of solvation for water (À4.4 kcal mol
À1
) and also included the correction for 1 M standard state. The final values are presented in Table 1 . In order to estimate the possible range of experimental Gibbs free energies of activation we adopted values of rate constants obtained for atrazine hydrolysis in aqueous alkaline solution of pH 11-13. 21 The deduced range of values is 26.5-24.3 kcal mol
. Also the value of free energy of activation calculated by Burkhard and Guth for the reaction in 0.1 M sodium hydroxide solution fits in this range (24.8 kcal mol À1 ). 37 Our both in vacuo models predicted high energetic barriers, however the SMD and 6-311+G(2df,2p) correction to the gas phase electronic energy did decrease them significantly. The resultant Gibbs free energies of activation are slightly lower than the deduced experimental range (by 3.3 kcal mol
). However, the estimation of experimental values was based on those determined by other rate constants and they were reported without accompanying errors or standard deviations.
In the case of acidic hydrolysis we explored the triazine ring protonation as it has been postulated to occur prior to nucleophilic attack based on the observed inverse nitrogen isotopic fractionation.
14 Taking into consideration that hydrolysis may proceed either through the zwitterionic or acidic form of atrazine (Scheme 2) we included the protonation step in the overall reaction under acidic conditions. Therefore, we first calculated the Gibbs free energy of protonation. For this purpose, we used the fixed-concentration solvation free energy of the proton corrected for 1 mol per 1 L standard state of À264 kcal mol À1 . 40 The Gibbs free energies of protonation obtained for three possible protonation sites within the triazine ring (N1, N3 and N5) are shown in Table 2 .
Based on the obtained values it is clear that the equilibrium is shifted toward the acid, A. This finding nicely corresponds to the inverse nitrogen isotope effect obtained for the acidic hydrolysis of atrazine by Meyer et al. which provides an additional proof that not all molecules under acidic conditions undergo immediate protonation in solution. Otherwise normal nitrogen fractionation would be observed. The differences in the Gibbs free energies of protonation observed among the possible protonation sites within the triazine ring clearly indicate a preference of the N3 position (Table 2 ). Therefore, we followed it in our subsequent modeling of the nucleophilic attack step.
In contrast to the hydrolysis under alkaline conditions, we found a Meisenheimer complex in acidic solution using the MPW1K level of calculations and its formation is the rate determining step of the overall reaction (Fig. 1) . A very small energetic barrier (0.3 kcal mol À1 ) in the gas phase was predicted for the chloride ion elimination step. It disappeared when the energies of the stationary points were corrected for solvation (Fig. 1, black curve) . Therefore it is very likely that it would be one transition state comprising both water molecule attachment and chloride elimination acts rather than a stable s-complex separating two transition states representing these acts individually. Within the BP86 level no intermediate structure was found. Nevertheless the two studied functionals along with the correction for bulk solution predicted the Gibbs free energies of activation in very good agreement with the experimentally observed range 21, 41 (Table 1) suggesting that the inclusion of a solvent model and extra explicit solvent molecules is important for a correct prediction of energies of the system like the one under study. Both experiment and theory indicate that the hydrolysis of atrazine in alkaline solution proceeds slightly faster than the reaction in acidic solution (Table 1) .
Kinetic isotope effects
Other so far undertaken studies aimed at characterizing the reaction of interest comprised measurements of nitrogen and carbon kinetics isotope effects. 14 Carbon KIEs for uncatalyzed hydrolysis under both alkaline and acidic conditions were 1.031 AE 0.003 and 1.040 AE 0.003, respectively. The normal nitrogen kinetic isotope effect (N-KIE) was observed for alkaline hydrolysis which was interpreted as a tight S N 2-like transition state. In contrast, inverse N-KIE was observed for acidic reaction which might suggest protonation at a nitrogen atom of the heterocyclic ring. Based on these observations it has been proposed that hydrolysis of atrazine can occur either by a direct substitution of the chlorine atom without increased bonding in the transition state (normal isotope effects) or the bonding involving the element of interest (nitrogen) becomes tighter in the transition state in comparison with the reactants (inverse nitrogen isotope effect). 14 Similar magnitude of carbon KIEs obtained under two extremely different reaction conditions did not turn out to be a sufficient mechanistic indicator. Nitrogen isotope analysis might play this role, however, the values of N-KIEs indicate only whether the triazine ring undergoes protonation and if so set up the conditions for the chloride elimination step (increased polarization of the carbon-chloride bond) but do not provide the details of the transition state structures. Therefore, chlorine KIE determination seemed to us to be a complementary and necessary tool for the full description of underlying reaction mechanisms. 27, 38 The previously determined value of chlorine KIE for the hydrolysis of atrazine Scheme 2 Hydrolysis of atrazine under acidic conditions on an example of the N5 protonation site. at pH 12 was equal to 1.0069. 27 This value indicated significant carbon-chlorine bond elongation in the transition state and was also in agreement with the preliminary theoretically predicted value. 27 It was however contradictory to the findings from N-KIEs that suggested a tight transition state. 14 Hence, verification of this data both experimentally and theoretically and exploration of this discrepancy in more detail became necessary.
Meyer et al. 14 based on the obtained enrichment factors calculated apparent isotope effects for the transformation of atrazine into hydroxyatrazine under alkaline and acidic conditions at 60 1C. Since in the case of carbon we discuss the primary isotope effect as it is a reaction center (Scheme 2, C6 atom) we adopted the values of 1.031 AE 0.003 and 1.040 AE 0.003 from their work for alkaline and acidic hydrolysis, respectively. On the other hand, the effect on nitrogen is a secondary one so we decided to rely our comparison with the theoretically predicted values on the average nitrogen effect of 1.0010 AE 0.0002 and 0.9975 AE 0.0010 at pH = 12 and 3, respectively. The chlorine kinetic isotope effect measured in this study at 50 1C and pH = 12 is 1.0009 AE 0.0006. All isotope effects predicted for alkaline hydrolysis were calculated on the direct conversion of atrazine to hydroxyatrazine via the respective transition state. The calculated carbon (C6), chlorine and average nitrogen kinetic isotope effects of all five positions are presented in Table 3 . Both tested levels of calculations listed in Table 3 gave the results within the experimental confidence interval for carbon 14 and chlorine (this work). The derived average N-KIE however although reproduced the experimental direction (normal isotope effect) appeared to be slightly larger than the measured values. This resulted match with experiment is even more noticeable when we compare the magnitudes of isotope effects resulting from a model with none explicit water molecules (ESI, † p. S47).
In the case of acidic hydrolysis, since the protonation of the triazine ring may be a source of isotopic fractionation we also included it in the prediction of an apparent KIE. Based on the earlier energetic analysis of acidic and zwitterionic forms of atrazine we took into account a transformation scenario in which the acidic form of the substrate is more stable and therefore the overall isotope effect can be calculated from this form.
Taking into account the experimentally determined uncertainty only the C-KIE magnitude predicted using the MPW1K functional lies within the range of measured values. The same observation can be made for nitrogen isotope fractionation. The agreement between the values obtained for the acidic form of atrazine and the experimental value would confirm the usefulness of the nitrogen isotope effect to describe in general the conditions of atrazine hydrolysis and to make prediction regarding the manner in which the chlorine substituent is removed from the atrazine molecule. Furthermore, it could also be an indication of the acidic form prevailing in the mechanism of atrazine hydrolysis in aqueous solution at pH = 2-3. In the case of Cl-KIE the predicted magnitudes are of 1.0010 at most. Based on all the above findings, the chlorine kinetic isotope effect for acidic hydrolysis of atrazine could be then in the range of 1.0000-1.0010. It would be rather a small leaving group KIE for S N 2-like reaction [40] [41] [42] [43] [44] and basically identical to the one predicted for the alkaline hydrolysis of atrazine. This observation could indicate that one should expect that the carbon-chlorine bond in the transition state might be elongated to a similar, almost negligible extent disregarding the reaction conditions.
Geometry of transition state structures
Since the interpretation of isotope effects is inextricably related to the elucidation of a transition state structure we also performed a detailed analysis of saddle points located on the modeled free energy surfaces. Their key properties are presented in Fig. 2 . As the MPW1K level of calculations resulted in better agreement with the experimental values of KIEs we discussed the geometry of the transition state structures found using this method in this section. The results for BP86 are provided in the ESI. † In order to explore how different the reaction under neutral conditions would be we also modeled it using the MPW1K level of calculations. As expected we obtained much higher Gibbs free energy of activation of 38.6 kcal mol
À1
and carbon, average nitrogen and chlorine kinetic isotope effects of 1.0362, 1.0024 and 1.0045, respectively. The calculated Wiberg bond indices for the carbon-chlorine bond (n C6-Cl ) clearly indicate very early transition states in the case of alkaline (n = 1.03) and acidic (n = 1.03) conditions. It is also reflected in the predicted Cl-KIEs. The Wiberg bond index computed for neutral reaction is 0.87 and the carbon-chlorine bond is elongated to 1.87 Å. On the other hand, when analyzing the nucleophilic attack on the C6 atom the similarity of acidic and neutral hydrolysis shows up with respect to the oxygen-carbon distances in the transition state which is reflected in larger C-KIE compared with the alkaline conditions. The difference between acidic and alkaline conditions becomes evident when one looks at the nucleophile's attack site as the O-C6 bond under acidic conditions is almost halfway formed (n O-C6 = 0.45) whereas during alkaline hydrolysis in less than one third (n O-C6 = 0.24).
Conclusions
Density functionals tested in this study combined with microsolvation allowed for the correct prediction of kinetic isotope effects for three elements (carbon, nitrogen and chlorine). Both primary (carbon and chlorine) and secondary (nitrogen) effects are in qualitative and reasonable quantitative agreement with the same effects determined experimentally. Taking this into account we made an attempt to predict the magnitude of the chlorine kinetic isotope effect for acidic hydrolysis. The uncatalyzed hydrolysis of atrazine is a slow process, especially at neutral pH and at room temperature. Elevated temperatures and pH of solution much lower and greater than 7 can accelerate its rate which was also confirmed in the presented work by predicted Gibbs free energies of activation. Alkaline and acidic hydrolysis occur at similar rates, via the same concerted mechanism but the structure of the transition state is different and largely determined by the distance between the nucleophile oxygen atom and the attacked carbon center of the atrazine ring. This difference affects C-KIE which is slightly smaller for the alkaline hydrolysis, however not to the extent that would allow us to use it as a mechanistic descriptor of the reaction. As stated previously by Meyer et al. N-KIE could play this role but the additional information it provides is limited to the increased bonding to nitrogen atoms in the transition state upon the ring protonation. Therefore, in order to elucidate the full description of the transition state structures for different hydrolysis pathways information coming from electronic structure calculations and predicted chlorine isotopic fractionation was required. The magnitudes of the latter one however do not allow us to utilize it as a mechanistic indicator of the uncatalyzed hydrolysis of atrazine under different reaction conditions alone.
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